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Abstract

“Training” the host immune system to recognize and systemically eliminate residual tumor lesions
and micrometastases is a promising strategy for cancer therapy. In this study, we investigated
whether integrin avf3é-targeted photodynamic therapy (PDT) of tumors using a phthalocyanine
dye-labeled probe (termed DSAB-HK) could trigger the host immune response, and whether PDT
in combination with anti-PD-1 immune checkpoint inhibition could be used for the effective
therapy of primary tumors and metastases. By near-infrared fluorescence imaging, DSAB-HK was
demonstrated to specifically target either subcutaneous tumors in a 4T1 mouse breast cancer
model or firefly luciferase stably transfected 4T1 (4T 1-fLuc) lung metastatic tumors. Upon light
irradiation, PDT by DSAB-HK significantly inhibited the growth of subcutaneous 4T1 tumors, and
in addition promoted the maturation of dendritic cells and their production of cytokines, which
subsequently stimulated the tumor recruitment of CD8" cytotoxic T lymphocytes. Furthermore,
DSAB-HK PDT of the first tumor followed by PD-1 blockade markedly suppressed the growth of
a second subcutaneous tumor, and also slowed the growth of 4TI-fLuc lung metastasis as
demonstrated by serial bioluminescence imaging. Together, our results demonstrated the syner-
gistic effect of tumor-targeted PDT and immune checkpoint inhibition for improving anti-tumor
immunity and suppressing tumor growth/metastasis.

Key words: Molecular imaging; Photodynamic therapy; Checkpoint inhibition; Tumor metastasis; Combination
therapy.

Introduction

Cancer remains one of the leading causes of
death worldwide, and cancer-related deaths, over
90% of which currently result from metastatic disease
and its related complications, have been estimated to
reach 11.5 million by the year 2030 [1-3]. Notably, by
the time that cancer is detected in most patients, me-
tastases may have already occurred that are either
apparent at the site of major organs or represent clin-
ically occult micro-metastases [4]. In clinical practice,
the primary tumor and a small number of cancer me-

tastases with large and well-vascularized patterns
might be cured by surgical intervention; however,
strategies for the effective treatment of local or long
distant metastasis and especially of micro-metastases
are generally limited. As these micro-metastases or
small clusters of disseminated malignant cells usually
cause tumor relapse and eventual treatment failure,
systemic treatment strategies or combination strate-
gies that effectively treat both primary tumor and
metastatic lesions are greatly needed for the effective
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cure of cancer.

Cancer immunotherapy, which induces an-
ti-tumor immunity by “educating” the host immune
system to recognize and systemically eliminate any
remaining tumor lesions (both primary and metastat-
ic) by prompt surveillance and defense, has been ex-
pected to be a promising approach for effective cancer
management [5, 6]. T lymphocyte activation, espe-
cially cytotoxic CD8* T effector cells, during cancer
immunotherapy in particular plays an important role
in inhibiting and killing tumor cells. However, it is
generally difficult for the host to generate sufficient
immune responses to effectively eradicate all cancer.
Cancer can evade host immune surveillance through a
process of T lymphocyte exhaustion, which results in
the expression of inhibitory receptors that trigger
immune checkpoints and are critical for maintaining
self-tolerance [7, 8]. To overcome this, checkpoint in-
hibitors (e.g., monoclonal antibodies that are able to
block these inhibitory receptors) are being extensively
investigated as novel cancer therapeutics with great
potential to augment anti-tumor immunity. Of these,
antibody-based blockade of cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and
programmed death-1 (PD-1) are the most studied
strategies for immune checkpoint inhibition [8]. The
anti-CTLA-4 antibody ipilimumab has been approved
by the FDA for melanoma therapy, and has demon-
strated enhanced overall survival compared with
standard care [9, 10]. In addition, several antibodies
against PD-1 such as nivolumab have also demon-
strated encouraging anti-tumor effects in multiple
clinical trials [11, 12].

Photodynamic therapy (PDT) is a cancer photo-
therapy approach that employs a combination of
light, a photosensitizer, and oxygen to destroy cancer
cells by generating cytotoxic reactive oxygen species,
especially singlet oxygen. The near-infrared fluores-
cence (NIRF) phthalocyanine dye IRDye700 can serve
as a photosensitizer for potential cancer PDT; as this
dye has emission wavelengths in the 700~900 nm
range, in which tissue autofluorescence is minimal, it
allows for favorable tissue penetration for potential in
vivo imaging [13]. The use of IRDye700-labeled
monoclonal antibodies has been well established as a
powerful approach to image and locate primary and
metastatic tumors and also to treat a wide variety
cancers in animal models [14-17]. In our recent study,
we developed an IRDye700-coupled NIRF probe,
IRDye700-streptavidin-biotin-HK peptide (DSAB-HK;
Figure S1), which can be used for the diagnostic im-
aging and therapy of tumors by specific targeting of
integrin avP6, an integrin family member that is
overexpressed in a variety of cancer types [18],
through the HK peptide.

In addition to direct effects on tumor cells
through either necrosis and/or apoptosis, PDT has
also been reported to have an indirect effect by stim-
ulating the host immune system [19, 20].
PDT-induced cancer cell death causes acute inflam-
mation, which might augment immunity by increas-
ing antigen presentation and forming more effective
tumor-specific  cytotoxic T lymphocytes [20].
In this study, we investigated =~ whether  integrin
avpé-targeted PDT of tumors via DSAB-HK could
activate a tumor-specific immune response, and
whether PDT in combination with anti-PD-1 immune
checkpoint inhibition could facilitate primary tumor
eradication as well as eliminating the metastatic le-
sions.

Materials and Methods

Materials

All commercially obtained chemicals were of
analytical grade and used without further purifica-
tion. The peptide RGDLATLRQLAQEDGVVGVRK
(HK peptide; Figure S1) was custom synthesized by
ChinaPeptides Co., Ltd (Shanghai, China). Na'?’I was
purchased from Perkin-Elmer (Waltham, MA). Fe-
male BALB/c mice (4~5 weeks of age) were obtained
from Department of Laboratory Animal Science, Pe-
king University (Beijing, China).

DSAB-HK and IRDye700-streptavidin-biotin
(DSAB) preparation

The integrin avf6-specific near-infrared phthal-
ocyanine dye-labeled agent DSAB-HK and the control
agent DSAB were synthesized by using streptavi-
din-biotin chemistry as previously described [18].

125]-SAB-HK and '25|-SAB preparation

Streptavidin was radiolabeled with Na'?’I using
a previously describe method [21]. After labeling
125]-streptavidin (®I-SA) was purified using a PD-10
desalting column (GE Healthcare, Piscataway, NJ).
125]-SA was mixed with excess amounts of biotin-HK
(B-HK) or biotin only, and then the unbound B-HK or
biotin was removed using a PD-10 desalting column.
The resulting ?I-SAB-HK and ®I-SAB were concen-
trated using a Centricon filter (Millipore, Bedford,
MA).

Cell culture and animal models

The 4T1 murine breast cancer cell line was ob-
tained from the American Type Culture Collection.
Firefly luciferase stably transfected 4T1 (4T1-fLuc)
cells were generated using a previously described
method [22]. Cells were maintained in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) at 37°C in humidi-
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fied atmosphere containing 5% CO..

All animal experiments were performed in ac-
cordance with the Guidelines of the Peking University
Animal Care and Use Committee. To establish the 4T1
subcutaneous tumor model, 1 x 106 4T1 tumor cells
were inoculated subcutaneously into the right hind
legs of BALB/c mice. For the second tumor challenge
studies, mice were injected subcutaneously with 1 x
106 4T1 tumor cells into the left hind legs, and six days
later with 2 x 10> tumor cells into the right hind legs.
For the lung metastatic tumor model, 5 x 10° 4T1-fLuc
cells were injected via tail vein into BALB/c mice. For
the dual subcutaneous and lung metastatic tumor
model, 4 x 105 4T1-fLuc tumor cells were inoculated
subcutaneously into the right hind legs and 5 x 104
4T1-fLuc tumor cells were injected into the mice
through the tail vein. The growth of subcutaneous
tumors was measured using a caliper, and the tumor
volume was calculated using the following formula:
tumor volume = length x (width?)/2.

In vivo NIRF imaging

4T1 tumor-bearing mice (n = 5 per group) were
injected with 0.5 nmol DSAB-HK or DSAB with or
without a blocking dose (300 pg) of HK peptide
through the tail vein. At 1, 2, 4, 8, and 24 h after injec-
tion, mice were anesthetized by inhalation of 2%
isoflurane in oxygen and then optical imaging was
performed using an IVIS small-animal imaging sys-
tem (Xenogen, Alameda, CA). The tumor uptake of
DSAB-HK or DSAB was determined by normalizing
the fluorescence intensity of the tumor by the injection
dose as previously described [23].

Small-animal single-photon emission com-
puted tomography (SPECT)/CT

4T1 tumor-bearing mice (n = 3 per group) were
injected via tail vein with 18.5 MBq '®I-SAB-HK or
15]-SAB. For the blocking experiment, three 4T1 tu-
mor-bearing mice were coinjected with 300 pg HK
peptide and 18.5 MBq %I-SAB-HK. At 24 h postinjec-
tion, mice were anesthetized by inhalation of 2%
isoflurane in oxygen and small-animal SPECT/CT
scans were performed on a NanoScan SPECT/CT
imaging system (Mediso, Budapest, Hungary) as pre-
viously described [22]. The tumor uptake of
15[-SAB-HK or %I-SAB was quantified using a pre-
viously described method [24].

In vivo PDT-triggered immunological re-
sponses

4T1 tumor-bearing mice were segregated into 6
groups: phosphate-buffered saline (PBS) control, light
only, DSAB, DSAB-HK, DSAB PDT, and DSAB-HK
PDT groups (n =12 per group). Mice were injected via

tail vein with PBS, 1 nmol DSAB, or 1 nmol DSAB-HK
on days 0, 1, and 2. Light irradiation (70 J/cm?) was
performed on the tumors using a 690-nm laser
(Shanghai Laser & Optics Century Co., Ltd., Shang-
hai, China) for the light only, DSAB PDT, and
DSAB-HK PDT group at 4 h postinjection of PBS,
DSAB, or DSAB-HK. Tumor sizes were measured
every other day.

On day 9, five mice from each group were sacri-
ficed, and serum samples and tumor-draining lymph
nodes (TDLNs) were collected for enzyme-linked
immunosorbent assay (ELISA) and flow cytometric
analysis, respectively. For the serum samples, ELISA
analysis of interleukin (IL)-1p and IL-12P70 was per-
formed using ELISA kits (eBioscience, San Diego, CA)
following the manufactures’ instructions. For the
TDLN samples, single-cell suspensions were obtained
by digestion with 10 U/mL collagenase I, 400 U/mL
collagenase 1V, and 30 U/mL DNase (in PBS) for 1 h
at 37°C, and then passed through a 70-pm cell strain-
er. Cells were stained with anti-CD11c (FITC) and
anti-CD83 (PE) antibodies (eBioscience), and then
sorted using an LSR-II flow cytometer (Becton Dick-
inson, Germany).

Tumor challenge experiments

4T1 tumor-bearing mice were segregated into 4
groups (n = 20~25 per group): control, DSAB-HK
PDT, anti-PD-1, and DSAB-HK PDT + anti-PD-1. Mice
were injected with PBS or 1 nmol DSAB-HK daily for
3 days (from day -3 to day -1). The first tumors were
irradiated at 70 J/cm? by light using the 690-nm laser
at 4 h postinjection of DSAB-HK. After treatment, the
first tumors were removed by surgery (on day 0), and
mice in the anti-PD-1 groups were treated by intra-
venous injection of 100 pg anti-PD-1 antibody (BioX-
cell, West Lebanon, NH) [25] every other day for 3
days (on days 1, 3, and 5). The growth of the second
tumors of the mice was measured every other day.
Mice were euthanized when the tumor size exceeded
the volume of 1500 mm3. On day 12, five mice from
each group were examined for lung metastasis as de-
scribed below. Another five mice from each group
were sacrificed, and tumors were harvested. Half of
each tumor sample was immediately frozen in OCT
medium can then cut into 5-pm-thick slices for im-
munofluorescence staining of CD8. The other half of
each tumor was digested to obtain single-cell suspen-
sions. After staining with anti-CD4 (APC) and an-
ti-CD8 (PE) antibodies (eBioscience), cells were sorted
using the LSR-II flow cytometer.

Immunofluorescence staining

After blocking with 10% FBS (in PBS), the tumor
slices were incubated with anti-CD8a (eBioscience)
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primary antibody for 1 h at room temperature and
then visualized with a dye-conjugated secondary an-
tibody under a Leica TCS-NT confocal microscope
(Wetzler, Heidelberg, Germany).

Lung metastasis examination

The mice were scanned by computed tomogra-
phy (CT) focusing on the chests using the NanoScan
SPECT/CT imaging system. Afterwards, the lungs of
mice were filled with 15% India ink via the upper
trachea and then fixed as previously described [26].
Tumor metastatic lesions on the lung surface were
counted. Lungs were then embedded in paraffin, and
hematoxylin and eosin (H&E) staining was per-
formed.

In vivo targeting of DSAB-HK in lung metas-
tases

To target lung metastasis, 0.5 nmol DSAB-HK or
DSAB was intravenously injected into 4T1-fLuc lung
metastatic mice or normal BALB/c mice (n = 5 per
group). At 1, 2, 4, and 8 h postinjection, mice were
subjected to NIRF imaging using an IVIS small-animal
imaging system. For bioluminescence imaging (BLI),
mice received an intraperitoneal injection of 150
mg/kg D-luciferin (Gold BioTechnology, St Louis,
MO), and then BLI was performed using the IVIS
spectrum system 10 min after D-luciferin administra-
tion. After BLI, mice were sacrificed, and the lungs
were harvested, placed on a black paper, and then
scanned by NIRF imaging to determine the location of
DSAB-HK or DSAB.

Following the last NIRF scan at 8 h postinjection,
mice were sacrificed and the major organs/tissues of
mice were dissected, weighed, and NIRF imaged ex
vivo. The organ uptake of DSAB-HK and DSAB were
calculated as the percent injected dose per gram
(%ID/g) as previously described [26].

Combination therapy

The DSAB-HK and anti-PD-1 combination study
was performed in the dual subcutaneous and lung
metastatic 4T1-fLuc tumor model. Mice were treated
with DSAB-HK PDT on days 1 and 5 by i.v injection of
2 nmol DSAB-HK followed by light irradiation of the
subcutaneous tumor or both the subcutaneous tumor
and the chest at 35 J/cm? at 4 h postinjection. In the
combination therapy groups, mice were injected via
the tail vein with three doses of anti-PD-1 antibody
(100 pg per mouse) immunotherapy on days 2, 6, and
8. Baseline and longitudinal BLI were performed to
evaluate the growth of lung metastatic lesions. BLI
was performed using the IVIS spectrum system 10
min after D-luciferin administration. The BLI signal
intensity was quantified as the sum of all detected
photon counts within the region of interest after sub-

traction of the background luminescence.

At the end of the combination study (day 11), the
mice were sacrificed. The lungs of five mice from each
group were filled with India ink and fixed. Lung
metastatic lesions were counted as described above.
Another five mice from each group were directly sac-
rificed, and the lungs were harvested and weighed.

Statistical analysis

Data were are presented as mean * SD. Statistical
analysis was done using a 1-way ANOVA and an
unpaired Student’s t test. P values <0.05 were con-
sidered statistically significant.

Results and Discussion

In vivo specific tumor targeting of DSAB-HK

The integrin avP6-specific NIRF probe
IRDye700-streptavidin-biotin-HK peptide (DSAB-HK;
Figure S1) was prepared by mixing IRDye700-labeled
streptavidin with biotin-conjugated HK peptide (in-
tegrin avpo6-specific) [27]. Before testing its in vivo
applications for tumor targeting, we first character-
ized the probe in vitro. By singlet oxygen sensor green
assay, we confirmed the singlet oxygen generation of
DSAB-HK (Figure S2), suggesting its PDT potential.
We next investigated the integrin avp6 expression of
4T1 tumor cells, which were used in this study to
generate the in vivo animal models. By immunofluo-
rescence staining, specific integrin p6 staining was
observed for the 4T1 cells (Figure S3). With respect to
integrin heterodimers (a and [ subunits), the (6
subunit only combines with av to generate a single
heterodimer [28], therefore, our immunofluorescence
study confirmed the expression of integrin avp6 on
the 4T1 tumor cells. We then detected the integrin
av6-specific PDT effect of DSAB-HK in vitro. Com-
pared with DSAB, which represents a negative control
without the HK targeting peptide, a significant irra-
diation dose-dependent toxicity was observed for
DSAB-HK in the 4T1 tumor cells (Figure S4), demon-
strating the receptor-specific PDT effect of DSAB-HK.

We next investigated the in vivo tumor targeting
of DSAB-HK in 4T1 tumor-bearing mice, and DSAB
was used as a control. The 4T1 tumors could be clearly
visualized by NIRF imaging of DSAB-HK with high
contrast in relation to the contralateral background at
all time points measured from 1 to 24 h (Figure 1 A
and Figure S5). The tumor uptake of DSAB-HK was
significantly higher than that of the DSAB (e.g., 5.24 +
0.44 % vs. 3.98 + 0.48 % at 4 h postinjection.; P < 0.01;
Figure 1A and B), suggesting the specific delivery of
DSAB-HK in the tumor by the HK targeting. The in-
tegrin avP6 binding specificity of DSAB-HK in vivo
was also confirmed by blocking studies, wherein the
tumor uptake of DSAB-HK was significantly inhibited
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by coinjection of an excess dose of HK peptide (e.g.,
3.41+0.25 % vs. 1.31 £ 0.36 % at 24 h postinjection; P <
0.001; Figure 1A and C). Ex vivo organ distribution of
the probes further validated the in vivo results (Fig-
ure S6). Notably, the tumor uptake of DSAB-HK with
HK peptide blocking was significantly lower than that
of the DSAB conjugate without the HK peptide (Fig-
ure 1B, C). A possible explanation for this phenome-
non is that coinjecting with an excess dose of unla-
beled HK peptide affected the in vivo pharmacoki-
netics of DSAB-HK by accelerating its clearance from
the circulation and the tumor itself.

Optical imaging has limitations of data quanti-
fication owing to the limited photon penetration of
tissue and intra-tissue light scattering. We thus pre-
pared a radio-counterpart of DSAB-HK, »I-SAB-HK,
by radiolabeling streptavidin with Na'?l, and then
connecting '%]-SA with B-HK. The in vivo distribution
of 12]-SAB-HK was evaluated by high resolution and
high sensitive small-animal SPECT/CT imaging.
Figure 1D shows the representative SPECT/CT im-
ages of 1PI-SAB-HK or %I-SAB with or without the
presence of unlabeled HK blocking at 24 h postinjec-
tion. The tumor was clearly visualized by SPECT/CT
imaging of I-SAB-HK. Although deiodination oc-
curred for both %I-SAB-HK and '?I-SAB as evi-
denced by high accumulation of activity in the mouse
thyroids, a significantly higher tumor uptake was
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observed for I-SAB-HK as compared to that of
125]-SAB (P < 0.01; Figure 1E) and '»I-SAB-HK (unla-
beled HK blocking; P < 0.001; Figure 1E). These re-
sults further indicated the tumor-specific localization
of DSAB-HK to the 4T1 tumor.

In vivo PDT of DSAB-HK in 4T1 tumors
prompts the maturation of dendritic cells

The specific localization of DSAB-HK to the 4T1
tumor suggests that upon light irradiation, DSAB-HK
might have an anti-tumor effect based on PDT. We
therefore evaluated the PDT effect of DSAB-HK in the
subcutaneous 4T1 tumor model. Compared with the
PBS control group, the light only, DSAB only, DSAB +
light irradiation (DSAB PDT), and DSAB-HK only
treatments had no effect on the inhibition of tumor
growth. In contrast, a significant delay in tumor
growth was observed in the DSAB-HK PDT group
after three doses of therapy (Figure 2A). However,
compared with the results of DSAB-HK PDT in the
BxPC-3 tumor model as we had previously deter-
mined [18], the anti-tumor effect of DSAB-HK PDT in
the 4T1 tumor model was lower. Specifically,
DSAB-HK PDT could not fully inhibit the growth of
4T1 tumors in vivo, which is possibly due to the much
more aggressive characteristics of the 4T1 tumor cells
compared to BxPC-3 cells.

10%ID/g

0%IDIg

Figure 1. In vivo tumor-specific targeting of DSAB-HK in the subcutaneous 4T1 mouse model. (A) In vivo NIRF imaging of 4T1 tumor-bearing mice at 4 and 24 h after injection
of DSAB-HK (with or without a blocking dose of HK peptide) or DSAB. (B, C) Quantified 4T1 tumor uptake of DSAB-HK (with or without a blocking dose of HK peptide) or
DSAB at 4 (B) and 24 (C) h after injection. (D, E) Small-animal SPECT/CT imaging (D) and quantified tumor uptake (E) of 4T1 tumor-bearing mice at 24 h after injection of
125]-SAB-HK (with or without a blocking dose of HK peptide) or 125-SAB. Tumors are indicated with circles. **, P < 0.01; ***, P < 0.001.
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Figure 2. DSAB-HK PDT inhibition of 4T1 tumor growth and promotion of DC recruitment and maturation in TDLN. (A) 4T tumor growth curves of mice after various
treatments. Inset, scheme of DSAB-HK PDT. (B-D) Representative dot plots (B), and CD11c* (C) and CD11c*CD83* (D) cells quantified by flow cytometric analyses of CD11c
and CD83 expression in the TDLN single-cell suspension harvested from mice after the different treatments as indicated. (E, F) Cytokine levels in the serum from mice after

different treatments as measured by ELISA. *, P < 0.05; *¥, P < 0.01.

Although DSAB-HK PDT cannot entirely inhibit
the growth of 4T1 tumors in the subcutaneous model,
we observed a significant recruitment and maturation
of dendritic cells (DCs) in the TDLN as indicated by
significantly enhanced CD11c* (P < 0.05; Figure 2B
and C) and CD11c*CD83* (P < 0.01; Figure 2B and D)
cell populations in the tumors of the DSAB-HK PDT
group. DCs are professional antigen-presenting cells,
which enable the presentation of antigen to CD8* cy-
totoxic T lymphocytes [20]. Therefore, the recruitment
and maturation of DCs after PDT were most likely
occurred because of stimulation from the antigen re-
leased by the PDT-killed tumor cells. To further vali-
date the maturation of DCs after DSAB-HK PDT, we
performed ELISA to determine the serum levels of
IL-1B and IL-12, which are both produced by DCs
upon antigen stimulation [29, 30]. Our results showed
a significant upregulation of IL-1p and IL-12 (P70)
levels in the DSAB-HK PDT group compared with the
control groups (P < 0.05; Figure 2E and F), confirming
the accumulation and maturation of DCs triggered by
PDT.

Synergistic effect of DSAB-HK PDT and PD-1
blockade

As recent studies have demonstrated the en-

hanced anti-tumor immunity following tumor cryo-
ablation, photothermal therapy, and radiation therapy
in combination with immune checkpoint inhibition
[31-33], we next determined the synergistic effect of
DSAB-HK PDT and PD-1 blockade in a subsequent
tumor challenge model. We inoculated 4T1 tumor
cells into the left hind legs of BABL/c mice, and six
days later the mice were challenged with a second
injection of 4T1 tumor cells (Figure 3A). After 3
treatments with DSAB-HK PDT on the first tumor, the
first tumors were removed by surgery, and mice were
treated by intravenous injection of three doses of an-
ti-PD-1 monoclonal antibody (100 ng daily for 3 days
on days 1, 3, and 5), and the growth and lung metas-
tasis of the second tumors were monitored. Compared
with the control, PDT only, and PD-1 blockade
groups, DSAB-HK PDT followed by PD-1 blockade
significantly slowed the growth of the second tumors
(Figure 3B). In addition, PD-1 blockade only or
DSAB-HK PDT only did not have any evident effect
on mouse survival. In contrast, DSAB-HK PDT fol-
lowed by PD-1 blockade caused a significant exten-
sion of survival (38 d compared with 26 d for the
control groups; P < 0.05; Figure 3C).

We then assessed the anti-metastatic effect of
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combination therapy by examining the lung metasta-
sis of the second 4T1 tumors. Markedly gray regions
were observed in the lung areas of mice in the control,
PDT only, and PD-1 blockade only groups. In con-
trast, a much clearer lung imaging was observed for
the combination treatment group (Figure 3D). To
validate the noninvasive CT imaging results, we har-
vested the lungs immediately after CT scanning and
filled them with India ink, which causes the metastatic
lesions to appear as white nodules on a black lung. A
large number of metastatic lesions were observed in
the lungs of control mice, PDT, and anti-PD-1 groups
on day 12 as revealed by gross observation (Figure
3E) and H&E staining (Figure 3F). In contrast, a sig-
nificantly smaller number of pulmonary metastases
was observed for the combination therapy group (P <
0.01; Figure 3G). These results demonstrated that the
PD-1 blockade remarkably increased the anti-tumor
growth and metastasis effects of PDT.

To analyze the underlying mechanisms for the
enhanced anti-tumor effect of the combination ther-

apy, we investigated whether PD-1 blockade could
enhance cytotoxic T lymphocyte infiltration following
dendritic cell antigen presentation after PDT treat-
ment. T lymphocyte infiltration was assessed 16 days
later after the second tumor inoculation. Tumor cells
harvested from mice after different treatments were
sorted by flow cytometry using anti-CD4 and an-
ti-CD8 antibodies to determine the types of T lym-
phocytes that had infiltrated the tumor. After sorting,
we found that all groups contained similar patterns of
CD4* T lymphocyte infiltration. However, a notably
increased percentage of CD8* T lymphocytes within
the second tumor was observed when mice were
treated with DSAB-HK PDT + PD-1 blockade (Figure
4A and B). We further stained the second tumors with
an anti-CD8a antibody, and found that the DSAB-HK
PDT + PD-1 blockade combination-treated tumors
were highly infiltrated with CD8* T lymphocytes
(Figure 4C), which is consistent with the flow cy-
tometric results.
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Figure 3. Inhibition of the growth and metastasis of the second tumor in mice treated with DSAB-HK PDT of the first tumor followed by PD-1 blockade. (A) Scheme of
DSAB-HK PDT and PD-1 blockade combination therapy. (B, C) Growth curves the second 4T1 tumors in mice (B) and mouse survival curves (C) after different treatments of
the first tumor and then removal the first tumor by surgery. (D-G) Representative images of in vivo CT scanning (D), India ink-filled lungs (E), H&E-stained lung sections (F), and
the counted averages of tumor metastatic lesions in the lungs (G) from mice after the indicated treatments. Lungs in the CT images and tumor metastases in the H&E-stained lung

slices are indicated by dashed circles. *, P < 0.05; *¥, P < 0.01.
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Figure 4. Recruitment induction of CD8* T lymphocytes in the second tumor by DSAB-HK PDT of the first tumor followed by PD-1 blockade. (A, B) Representative dot plots
(A) and quantified CD4* or CD8* cells (B) by flow cytometric analyses of the single-cell suspension of the second tumor harvested from mice after different treatments as
indicated. (C) Immunofluorescence staining of CD8a in the second tumor tissues from mice after different treatments. *, P < 0.05.

Taken together, these results demonstrated that
PDT stimulation increased the recruitment and acti-
vation of DCs (serving as antigen-presenting cells) to
facilitate the infiltration of cytotoxic T lymphocytes
into the tumor. However, the function of T lympho-
cytes is negatively regulated by the expression of
PD-1 [34]. PD-1 blockade using an anti-PD-1 antibody
could prevent the inactivation of T lymphocytes ra-
ther than increasing their infiltration into tumors
(Figure 4). Therefore, neither PDT only nor PD-1
blockade alone led to a sufficient number of activated
cytotoxic T lymphocytes (CD8* T cells) within the
tumor (Figure 4). In contrast, the combination of PDT
and PD-1 blockade significantly inhibited the tumor
growth by inducing both the T lymphocyte infiltra-
tion and activation within the tumor.

Specific targeting of DSAB-HK in lung metas-
tasis

In the clinical setting, metastasis is major reason
for tumor-related deaths. As metastasis and primary
tumors generally co-exist, the ablation of primary
tumors (e.g. by surgery) with concomitant destruction
of distant metastases would be a useful strategy for
effective tumor therapy. We hypothesized that
DSAB-HK could be used for noninvasive imaging of
primary tumors and also their metastatic lesions, and
that under NIRF image-guidance, the tumors could be
killed by subsequent PDT after light irradiation. In
addition, the host immune system might be triggered

after tumor PDT, thereby improving the anti-tumor
efficacy of combination PDT and PD-1 blockade. To
achieve this, we first investigated the targeting effi-
cacy of DSAB-HK in a lung metastatic mouse model.
For this, 4T1 tumor cells were stably transfected with
firefly luciferase to generate the 4T1-fLuc cell line to
allow the in vivo monitoring by BLI of the tumor cells
after luciferin administration. A robust linear correla-
tion between the 4T1-fLuc cell number and fLuc ac-
tivity was observed (R? = 0.9906, P < 0.0001; Figure
S7), suggesting the accuracy of in vivo BLI for moni-
toring cell proliferation. By day 10 after injection of
4T1-fLuc cells into the mice via the tail vein, lung
metastases were successfully formed. We then in-
jected DSAB-HK into the lung metastatic mouse
model, and a notably higher NIRF signal in the chest
area was observed for the DSAB-HK treated group as
compared to that of the DSAB group from 1 to 8 h
(Figure 5A). In addition, no evident DSAB-HK ac-
cumulation was observed in the lungs of normal mice
(Figure 5A). To further confirm the specific localiza-
tion of DSAB-HK to the metastatic lesions, the same
mice were administered with luciferin and BLI was
performed immediately after the NIRF imaging at 8 h
postinjection of DSAB-HK. The mice in both the
DSAB-HK and DSAB groups formed evident lung
metastases as indicated by evident BLI signal in the
lung areas (Figure 5B). However, a substantively
higher NIRF signal was found in the chests of the
DSAB-HK group as compared to that in the DSAB
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group (Figure 5B). Immediately after in vivo imaging,
the mice were sacrificed, and the lungs were disserted
and imaged ex vivo. A marked uptake was also ob-
served for DSAB-HK as compared with that of DSAB
(Figure 5C). We next performed an ex vivo biodistri-
bution study of DSAB-HK in lung metastatic and
normal mice, as well as of DSAB in the lung metastatic
mice. The mice were sacrificed and ex vivo imaged by
the optical imaging system. A significantly higher
light signal for DSAB-HK was observed in the lungs
of the metastatic mice compared to that in the normal
lungs, as well as to that of DSAB in the metastatic
lungs (P < 0.05; Figure 5D and E). These results con-
firmed the specific in vivo targeting of DSAB-HK in
the metastatic lesions. It should be noted that auto-
fluorescent proteins (e.g., chlorophyll in the mouse
diet) can be non-specifically excited during the pro-
cess of NIRF imaging, which might create significant
spontaneous background autofluorescence signals in
the stomach [35].

20
DSAB-HK

(normal mice)

Radi: ant.Emc iency
plsecicm?isr
C

DSAB-HK PDT and PD-1 blockade combina-
tion therapy in a mouse model bearing both
subcutaneous and lung metastatic tumors

We next investigated the synergistic anti-tumor
effect of DSAB-HK PDT and PD-1 blockade in the
mouse model bearing both subcutaneous and lung
metastatic tumors, which mimics the clinical situation
of both primary tumor and tumor metastases to dis-
tant sites. The mice were inoculated subcutaneously
with 4T1-fLuc tumor cells and injected with 4T1-fLuc
cells through the tail vein (Figure 6A). After
DSAB-HK administration, light irradiation (PDT) was
conducted on either the subcutaneous tumor only or
on both the subcutaneous and lung tumors (irradiat-
ing the mouse chests) (twice on days 1 and 5). An an-
ti-PD-1 antibody was intravenously injected at 100 pg
daily for three days (on days 2, 6, and 8), and BLI was
performed longitudinally to monitor the growth of
lung metastatic tumors. As the subcutaneous
4T1-fLuc tumor might also form lung metastases, we
removed the subcutaneous tumors by surgery on the
second day (on day 6) after the last PDT, and only
observed the growth of lung metastases by BLI.

erescence

uorescence

12 w0

D
5 *
DSAB-HK Epi-fluorescence B DSAB-HK 1 —
- H i H DSAB
E"‘ M DSAB-HK (normal)
=
o 3
x
1.5 %10t 8
DSAB s
2
c
s
2
O3
0.5
DSAB-HK Radiant Efficiency
plsecicm?isr

Kidney

Intestine Bone

yWicm?

Figure 5. In vivo specific targeting of DSAB-HK in the lung metastatic 4T -fLuc tumors. (A) In vivo NIRF imaging of lung metastatic mice or normal mice at 1, 2, 4, and 8 h after
injection of DSAB-HK or DSAB. (B) In vivo BLI (left) and NIRF imaging (right) of mice bearing lung metastatic 4T |-fLuc tumors at 8 h after injection of DSAB-HK or DSAB. (C)
Ex vivo BLI (left) and NIRF imaging (right) of the lungs dissected from the mice of (B). (D, E) Ex vivo NIRF imaging (D) and quantified probe uptake (E) of the major organs at 8
h postinjection of DSAB-HK or DSAB in lung metastatic or normal mice. Inset, quantified probe uptake in the lung. *, P < 0.05.
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Figure 6. Significant growth inhibition of 4T1-fLuc lung metastasis treated with DSAB-HK PDT of the subcutaneous (s.c.) tumor or both the s.c. tumor and mouse chest (lung
area) followed by PD-1 blockade as determined by BLI. (A) Scheme of DSAB-HK PDT and PD-1 blockade combination therapy, as well as the BLI schedule. (B) Serial biolu-
minescence images of 4T |-fLuc tumor-bearing mice after the indicated treatments. (C) Quantified bioluminescence signals from the lungs of (B). (D) Representative biolumi-
nescence images of the lungs dissected from mice and photographs of India ink-filled lungs. (E, F) Counted averages of tumor metastatic lesions on the surfaces of India ink-filled
lungs (E) and measured whole lung weights (F) immediately following dissection from mice. *, P < 0.05; **, P < 0.01.

Compared with the control, PDT only, and PD-1
blockade only groups, DSAB-HK PDT of the subcu-
taneous tumor plus PD-1 blockade significantly sup-
pressed the growth of lung metastatic tumors on day
11 (P < 0.05; Figure 6B and C). A most effective effect
on the suppression of tumor growth in the lungs was
observed in DSAB-HK PDT group (both subcutane-
ous tumor and lung area) plus PD-1 blockade (Figure
6B and C). The in vivo BLI results were well validated
using ex vivo BLI imaging of the lungs after dissection
(Figure 6D). The lungs of the mice were also either
filled with India ink to count the tumor lesions on the
lung surface or directly weighed for the assessment of
tumor growth in the whole lung. Compared with the
control group, the lungs after DSAB-HK PDT (on
subcutaneous tumors) along with PD-1 blockade
showed remarkably reduced metastasis, as evidenced
by the count of lung metastases on the lung surface (P
< 0.05; Figure 6D and E) and the measurement of lung
weight (P < 0.01; Figure 6F). The effect of DSAB-HK
PDT + PD-1 blockade on the growth inhibition of lung
metastatic tumors was further enhanced by PDT of
both subcutaneous tumors and the lung areas of the
mice (Figure 6D, E, and F).

In this proof-of-concept study, we demonstrated
the synergistic effects of tumor-targeted PDT and
immune checkpoint inhibition for inhibiting tumor
growth and suppressing metastases in a 4T1 mouse
breast cancer mouse model. Future studies to inves-
tigate this strategy in other tumor models and opti-
mize of the therapeutic doses might be needed to
further validate the synergistic effect of PDT and PD-1
blockade. In addition, although an effective therapeu-
tic response was observed in this study, the tumor
regression and metastasis inhibition were partial ra-
ther than complete. Several recent studies have sug-
gested that optimal therapeutic results of immune
checkpoint inhibition require combinatory blockade
of both PD-1 and CTLA-4 [36, 37]. Therefore, further
improvements in anti-tumor efficacy might be
achieved by treatment combinations of PDT and im-
mune checkpoint inhibitors targeting both the PD-1
and CTLA-4 pathways.

Conclusions

In this study, we have shown that a phthalocya-
nine dye-labeled NIRF probe DSAB-HK could specif-
ically identify subcutaneous as well as lung metastatic
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tumor lesions noninvasively by targeting integrin
avf36 that is specifically expressed on the tumor cells
surface. Upon light irritation, a remarkable PDT effect
of DSAB-HK was observed both in vitro and in vivo.
DSAB-HK-based PDT could significantly counter the
challenge of the second tumors by promoting the
maturation of DCs in the TDLN. The effectiveness of
anti-tumor immunity triggered by DSAB-HK PDT
could be significantly enhanced by combination with
immune checkpoint inhibition of PD-1 blockade as
evidenced by significantly increased recruitment of
CD8* cytotoxic T lymphocytes to the tumor. In a dual
subcutaneous tumor and metastatic mouse model,
DSAB-HK PDT of the subcutaneous tumor in combi-
nation with PD-1 blockade significantly inhibited the
growth of lung metastases. Our results demonstrated
that tumor-targeted PDT using DSAB-HK offers an
effective therapeutic benefit for treating primary tu-
mors as well as metastases at distant sites through
combination with checkpoint inhibition. The findings
of this study might also be extended to combining
PDT with other materials or photosensitizers or other
tumor target-based specific PDTs with immune
checkpoint inhibition for synergistic anti-tumor
therapy.
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